MSC: i) plastic adherence and fibroblast-like morphology (fibroblasts though have a more symmetrical morphology); ii) multipotential and multilineage differentiation capacity; iii) expression of a typical set of surface markers such as CD73, CD90, and CD105; and iv) lack of lineage-specific markers such as CD34, CD14, CD45. To keep the name stem cell for only those cells with true pluripotency, the designation 'mesenchymal stromal cells' has been suggested [4] . Differences at the genetic level have been well described for MSC from different sources [5] as have differences in the spectrum of cytokines and chemokines these cells produce [6] . It is unresolved at this point whether MSC primarily act through local production of soluble factors and how much contact is required with target tissue. Experiments using the transwell system have suggested that their immunosuppressive effect or their ability to support cell expansion can occur (albeit to lesser degree) without direct cell contact [6, 7] . Some of the enthusiasm about the clinical potential of MSC has been fueled by the finding that MSC, irrespective of their source, do not express (or only at very low levels) MHC class I antigens and have only low expression of MHC class II antigens [6] . In addition, they lack the co-stimulatory molecules of the B7 family that are required to initiate an immune response. This unique feature allows the administration of MSC preparations across MHC barriers without concern for immunological rejection and the need for immunosuppression which makes MSC a universal stem cells source. MSC originating from the stroma of the bone marrow (BM) were one of the first known MSC, and are also most advanced in clinical trials. For those reasons, they generally serve as the 'gold standard' against which other MSC sources are compared. The following is an attempt to highlight some of the currently known differences of MSC obtained from various tissue sources. We will focus on those MSC that are easily accessible and for which some pre-clinical and/or clinical data are available or are emerging. The second part of this review will summarize the current status of the clinical development with MSC.
Placenta Mesenchymal Stem Cells and Amnion Mesenchymal Stem Cells
Both tissues are fetal in origin and believed to represent ontogenetically earlier MSC cells, as suggested by the fact that amnion MSC (A-MSC) express the pluripotency genes Oct-4 and Nanog which have not been consistently found in more mature MSC. Only 1 study has been published that compares murine A-MSC with BM-MSC [7] . Although both cell types readily differentiate into osteogenic and chondrogeneic lineages, A-MSC were unable to achieve adipogenic differentiation. The A-MSC need to be distinguished from stem cell lines obtained from amniotic fluid although they seem to have most of the characteristics of MSC [8] . Those cells were maintained for over 250 populations doublings and retained long telomeres. The placenta is another source of early MSC. Cells obtained from mid-gestation placenta express MSC markers but they are also positive for CD34 and CD49d both of which are not consistently expressed by MSC from other sources (except for Wharton's Jelly-derived MSC) [6] . Placenta-derived MSC (PL-MSC) also express genes for hematopoietic growth factors such as LIF, SCF, and TPO and have been shown to support ex vivo expansion of hematopoietic stem cells (HSCs) [9] .
Cord Blood Mesenchymal Stem Cells and Umbilical Cord Mesenchymal Stem Cells
Most investigators agree with the finding that peripheral blood, even when hematopoietic growth factors are given to the blood donor, contains no or only very low numbers of MSC. In contrast to peripheral blood, about 10-30% of umbilical cord blood collections allow to culture out MSC when the cells are plated on plastic for adherence culture [10] [11] [12] . The yield may be increased when the dish is pre-coated with fetal calf serum (FCS). It appears that it is more difficult to culture umbilical cord MSC (UC-MSC) from cryopreserved samples. It takes about to 2-4 weeks after plating for cord blood MSC (CB-MSC) to start expanding, which is much longer than seen for MSC from other sources which show growth after only a few days. Although the recovery in culture is low and some of the plated cells undergo early senescence, many CB-MSC colonies show longer survival and expansion potential compared to MSC from BM or adipose tissue (AT) [11] . The MSC that are contained in CB (albeit in small numbers) could conceivably account for some of the beneficial effects seen after infusion in certain medical conditions such as diabetes or some neurological disorders that have been reported as improving after infusion of cord blood [13, 14] . When tested for their differentiation potential, it was noted that UC-MSC do not form adipocytes [12] . It was also noted that CB-MSC express less CD 90 and CD105 compared to BM-or AT-MSC, although the meaning of this remains to be defined. Considering these observations, it appears that CB-MSC have some special features that distinguish them from MSC from other sources. During embryogenesis, embryonic blood island cells migrate from the aorto-gonado-mesonephros (AGM) region through the cord towards the placenta [15] . They are accompanied by cells from the Wharton's jelly that surround these early hematopoietic cells. Those cells express the pluripotency genes Oct-4, Nanoc, and SSEA-4, and have the ability to trans-differentiate [16, 17] . Our group has shown that, compared to BM-MSC, UC-MSC produce higher levels of the hematopoietic growth factors G-CSF ad GM-CSF as well as IL-8 and IL-1 [6] . Further, using gene array, we observed that UC-MSC express a host of genes with hematopoietic activity at a much higher level than BM-MSC ( Mesenchymal Stem Cells -Sources and Clinical Applications more suitable for ex vivo expansion of HSCs. We could show in a SCID mouse model that UC-MSC supported engraftment of human cord blood cells after myeloablative conditioning [6] . Further UC-MSC provide an efficient feeder layer for the multifold expansion of different human cells. Our group recently demonstrated >60-fold expansion of human CB-derived natural killer (NK) cells when 'Jelly' cells were used as a feeder [18] . Since those cells can easily be transfected with target genes, it is conceivable that MSC could at one point serve as custom feeder for cells that need to be expanded, including embryonic stem cells. Conversely, BM-MSC produce more VEGF and SDF-1, and hence may be more suitable to support new vessel formation or homing to the BM by binding to the CRCX-4 in the BM, which is the ligand for SDF-1. The UC-MSC differ from BM-MSC in that they differentiate more slowly into adipocytes and chondrocytes than BM-MSC. However, they have a shorter doubling time and a greater number of passages to senescence and represent earlier stage MSC than those derived from adult fat or BM. To further define differences between UC-MSC and BM-MSC, we performed microarray analysis to compare transcription profiles of both cell populations cultured under the same conditions. Significant differences were noted in the expression profiles between the two MSC types (table 1) . The greatest increase (42-fold) in expression of genes in UC-MSC versus BM-MSC was seen for the gene SLC7A2, a member of the solute carrier family 7. This gene is a cationic amino acid transporter, also known as CAT-2A, and functions to transport arginine into the cell. Numerous physiological processes are dependent upon arginine transport into the cell, including protein synthesis, nitric oxide synthesis, and creatine and agmatine synthesis [19] . Another gene with increased expression in UC-MSC versus BM-MSC (up to 34-fold) is aldehyde dehydrogenase (ALDH1A1) that is highly enriched in HSCs and, through its ability to synthesize retinoic acid, regulates differentiation of human HSCs [20] . Two other upregulated genes, desmocollin 3 and desmoglein 2, are components of desmosomes, and genes associated with cell-cell adhesion [21] . An analysis of enrichment in Gene Ontology (GO) categories was performed to determine if these genome-wide changes in UC-MSC gene expression are associated with global categories of gene function. Using GOMiner [22] , we determined the following gene families to be over-represented in UC-MSC: developmental processes (system development, anatomical structure development, organ development), cell signaling processes (response to external stimulus, response to chemical stimulus, cell-cell signaling, signal transduction), cell adhesion, cell migration and chemotaxis, and immune system functions (response to wounding, immune response, inflammatory response). Overall, these enriched categories give a picture of UC-MSC as preferentially involved in developmental processes, cellular motility and immune functions. In addition to MSC in the Wharton's jelly of the cord, the perivascular area of the cord veins contains MSC which have been termed human umbilical cord perivascular cells (HUCPVC) [23, 24] . They distinguish themselves from Wharton's jelly-derived MSC by the expression of MHC class I antigens (75%) and are negative for the pluripotency gene Oct-4. On the other hand, they express CD146, a marker that is also found on BM-MSC and dental pulp-MSC (DP-MSC) but not on UC-MSC, and appears to be a useful marker for cells that can initiate neo-vascularization and vascular repair. Although largely hypothetical at this point, it is suggested that all tissues have MSC reservoirs localized in the perivascular niche. Baksh et al. [11] found that HUCPVC generate more adipogenic cells than BM-MSC and that osteogenic differentiation proceeds more rapidly. It needs to be confirmed though if this single observation will make HUCPVC a preferred source for orthopedic and tissue engineering indications. On the other hand, HUCPVC do not differentiate into neuronal cells. 
Bone Marrow Mesenchymal Stem Cells and Dental Pulp Mesenchymal Stem Cells
With respect to preclinical development and clinical applications, BM-MSC are furthest along, and some of the ongoing clinical trials are discussed below. Obtaining them involves a bone marrow biopsy which can be a painful and inconvenient procedure. Further, BM-MSC tend to lose their proliferative capacity with age, and there seems to be a significant decline in their ability to differentiate after age 20. The group in Heidelberg [5] compared in a gene array the differential expression of genes among various MSC sources (BM, CB, AT) and compared them with HS68 fibroblasts. Twenty-five genes were overlapping and upregulated and included fibronectin, ECM2, glypican-4, ID1, NF1B, HOXA5, and HOXB6, all involved in extracellular matrix, morphogenesis, and development. It is unclear at this point as to whether these differences at the genetic level have any significance with respect to their function as adult stem cells for regenerative medicine. However, they clearly support the notion that MSC may have identical morphology or surface receptor expression, but that significant differences exist at the gene level. During the formation of teeth, cells from the epithelial and dental papilla interact and support the differentiation of DP-MSC into odontoblasts which can form primary dentin DP-MSC. First studies indicate that DP-MSC have a preponderance for differentiation into bone and neurons [25, 26] . DP-MSC originate from neural crest cells and mesenchymal cells during development. Neural crest cells share the same origin as progenitor cells that form the neural tissue and have the potential to differentiate into neural cell lineages. DP-MSC have been induced to express neural markers such as nestin, and are actively being investigated in preclinical models to treat Parkinson's disease as well as related neurodegenerative diseases and spinal cord injuries. In addition, they appear to replace dead neural cells and support degenerating neural cells which may have therapeutic implications for Alzheimer's disease and stroke.
Adipose Tissue Mesenchymal Stem Cells
Fat tissue (obtained from lipoaspirates) contains a heterogeneous stromal cell population that can be separated by collagenase treatment. They are positive for expression of CD49d and negative for CD106 and STO-1 all of which are expressed on BM-MSC [27] . Conversely, AD-MSC do not express BMP-2 and dlx5 which are regulators of osteogenic genes. AD-MSC are more sensitive to osteogenic induction by 1,25-dihydroxyvitamin D3, whereas BM-MSC show a better response after treatment with dexamethasone. The relevance of these observation still needs to be defined. However, it is remarkable that AD-MSC do not differentiate well into chondrocytes. Their immunosuppressive ability seems to be similar to BM-MSC [28] .
Miscellaneous Sources
MSC reside essentially in all post-natal organs and tissues, and can be recruited in case of tissue injury. Their primary location may be in the perivascular area of small vessels from which they can migrate into the circulation when needed. It may therefore not be surprising that multipotential stem cells with characteristics of MSC can be found in menstrual blood, that have been given the name 'endometrial regenerative cells' [29] . The research on these cells is early, and their differentiation and particularly trans-differentiation potential still needs to be mapped. When these cells were administered to animals which had a myocardial infarct induced, functional improvement was observed [29] . One concern however that needs to be addressed for menstrual blood cells, refers to an observation that comes from BM-MSC suggesting that MSC from individuals after a certain age have shorter telomeres and are less suitable for tissue generation [11] .
Clinical Applications for Mesenchymal Stem Cells
The potential clinical indications for MSC seem to be becoming endless. The largest market is in regenerative medicine and tissue engineering of mesenchymal organs such as for inherited, traumatic, or degenerative bone, joint, or cartilage repair.
There is also the field of plastic surgery for reconstruction of muscle and adipose tissue, for example for patients after mastectomy or burn injuries. The other significant area of clinical use reflects the ability of MSC to home to sites of inflammatory disease and to locally impact the inflammatory/immunemediated tissue damage with subsequent ability to support tissue healing. Studies in primates have shown that BM-MSC, after intravenous infusion, distribute to many tissues [30] . They initially are trapped in the lung -likely due to their size, but then re-circulate to other organs including the gastrointestinal tissue, bone marrow, kidney, and skin. Those studies were performed in normal healthy primates -MSC however tend to localize to tissues that undergo an inflammatory response and shifting the spectrum of local cytokines from proinflammatory to anti-inflammatory. Although it is highly suspected that MSC have to be in contact with target tissue, it is known that they can also have a paracrine effect [31] . BM-MSC are the most advanced MSC with regard to clinical development. Recognizing the immunosuppressive ability of these cells, Osiris, a biotech company based in Columbia, MD, USA, has launched 2 multicenter randomized placebo controlled phase III trials for the treatment of acute graft versus host disease (GvHD). This is a dreadful complication after stem cell transplant that can cause a skin rash, and abdominal symptoms with diarrhea and liver involvement. GvHD contributes to significant morbidity and mortality after transplant. In the 'steroid resistant' trial (study no. 280), patients become eligible for MSC treatment after they have failed second line Importantly, no side effects were seen. One general concern is that the immunosuppressive effect of MSC may result in a potential increase in the incidence of severe infections or recurrence of the malignancy due to a weakened graft versus leukemia effect. Most patients receiving treatment for steroid resistant disease are on additional immunosuppressive medication, and the GvHD itself contributes to their severe immune deficiency. As of now, there is no indication that infusion of MSC further increases the risk of infection or cancer recurrence. This may be because INF-γ (released during GvHD) can actually increase MHC class II expression on MSC, rendering them antigen-presenting cells for soluble antigens [33] . In a recent pilot trial, BM-MSC from the same donor were given the day before marrow transplant. Remarkably, none of the 8 patients developed severe GvHD [34] . Renal compromise is more frequently seen in patients with advanced GvHD, and some patients seem to recover renal function better when they received MSC. This may be coincidental, but a recent paper reported that mice who were given the renal toxic drug cisplatinum recovered their renal function better and faster when MSC were injected the following day [35] . BM-MSC have also shown to have a benefit when given to patients early after myocardial infarct by improving ejection fraction and lower the incidence of arrhythmias [36] . As part of that study, it was also observed that patients demonstrated an improvement in lung function compared to patients treated in the placebo group. This observation has triggered a phase II, placebo controlled trial in patients with chronic obstructive pulmonary disease (COPD) which has features of emphysema and chronic bronchitis. Another trial in patients with type I diabetes is already underway. The rationale to administer BM-MSC in these diseases is based on their ability to down-regulate the immune response and support tissue repair processes.
With the potential to be angiogenic and/or transdifferentiate into endothelial cells, bone marrow mononuclear cells are injected intrarterially in patients with peripheral vascular disease to stimulate collateral formation in lower limbs. Building on initial observation that BM-MSC seem to have an effect in controlling diarrhea in patients with intestinal GvHD, Osiris launched a study in patients with Crohn's disease who had failed a number of prior treatments. Endpoint of this study was an improvement of the Crohn's disease activity index (CDAI) by at least 100 points. This was seen in a substantial number of patients, and a randomized trial is currently underway to confirm those promising initial observation. In addition to the indications that make use of the anti-inflammatory and immunosuppressive ability of BM-MSC, these cells have been shown to have a role in regenerative medicine. For example, BM-MSC are implanted at the site of bone defects for spinal fusion. Another 'regenerative medicine' indication is the use of MSC in osteoarthritis. Although initial studies in the goat model suggested that BM-MSC may be able to fully rebuild a damaged meniscus, this benefit could not be confirmed in clinical trials when magnetic resonance imaging of the knee was used as a read out. However, patients who received the intra-articular injection improved symptomatically which led to the conclusion that the cells may be able to reverse the osteoarthritis-related changes that had been observed in preclinical studies. Animal studies have suggested that radiation-induced tissue injury can be mitigated when MSC are infused [37, 38] . Rats given MSC recovered faster from small intestine and liver damage and had faster wound healing. BM-MSC are now being stockpiled for the US Department of Defense to treat the symptoms of acute radiation syndrome (ARS) that can occur after accidental or deliberate exposure of humans to radiation. Some initial animal studies in Parkinson disease had indicated a benefit when UC-MSC were given to these rats [39] . Clinical studies have not been initiated. However, a study from Korea administered BM-MSC to patients with multiple system atrophy, a disease that is associated with varying degrees of Parkinson, autonomic dysfunction, and cerebellar ataxia [40] . Eleven patients received autologous BM-MSC and a control group of 18 patients did not. In the MSC group, progression of neurological deficits and functional improvement was noticed compared to the placebo group. The therapeutic potential of MSC seems to be very promising, but we have to wait for hard data to justify the enthusiasm. We may also have to consider whether to use MSC from different sources for different disease indications.
